We propose and demonstrate a new photonic-assisted instantaneous frequency measurement (IFM) system based on a scalable structure. By using multiple scalable modules, the proposed IFM system can achieve both large operating bandwidth and high measurement resolution. A rough measurement is given by a module with large operating bandwidth but low resolution. The final high resolution measurement is performed by other modules, which have smaller operating bandwidths but higher resolutions. By using four scalable modules simultaneously, the system achieves resolutions of ±0.1 and ±0.025 GHz for the 1-20 and 7−20 GHz frequency measurement ranges, respectively. By increasing the number of scalable modules, the resolution can be further improved.
Introduction
Modern electronic warfare (EW) and radar systems require a low latency tool for analyzing intercepted microwave signals [1] . Signals generated by radars with different functions vary over a wide spectrum range. Conventionally, microwave measurements are performed using electronic devices. Despite their high resolution and high flexibility, pure electronic solutions may not be suitable for the frequency measurements of wideband and high-speed signals due to the limited bandwidth and speed of electronic devices [2] . Compared with electronic techniques, the photonic-assisted techniques have the advantages of high bandwidth, low loss, lightweight, and immunity to electromagnetic interference [3] . An instantaneous frequency measurement (IFM) system based on photonic techniques is a promising candidate for estimating the frequency of unknown microwave signals over a large bandwidth [4] .
In recent years, photonic-assisted IFM systems have received extensive attention. To obtain the frequency of an unknown microwave signal, it is necessary to map the frequency to certain optical or electrical parameters. So far, numbers of IFM schemes have been proposed [4] - [15] . In these schemes, the frequency of the unknown microwave signals can be obtained through methods based on frequency-power mapping [4] - [11] , frequency-space mapping [12] , [13] and frequencytime mapping [14] , [15] . For the frequency-space mapping techniques, the laser is modulated with an unknown microwave signal, and then the different spectral components in the optical domain are separated in space by means of a spatial filter such as a Bragg grating Fabry-Perot (BGFP) device [12] or a diffraction grating [13] . The separated signals are processed in parallel channels. The frequency spacing between channels determines the resolution. For the frequency-time mapping techniques, the laser is modulated with an unknown microwave signal, then the different frequency components of the modulated optical signal are separated in the time domain. In [14] , the frequency measurement is based on the principle that the different frequency components have different propagation speeds in the dispersive medium. In [15] , different spectral components are separated in the time domain using frequency shifted recirculating delay loops and narrowband optical filters.
For the frequency-power mapping techniques, a mapping relationship between the unknown microwave frequency and the measured optical power or electrical power should be established [4] - [11] . A series of methods based on amplitude comparison function (ACF) were studied [4] - [11] . The key to these methods is to construct two different frequency-amplitude responses. In order to obtain a larger frequency measurement range, a pair of complementary frequency-amplitude responses are used in [4] - [8] , [10] . Typically, a pair of complementary frequency-amplitude responses are mathematically present in the form of a sine function and a cosine function, respectively [4] - [8] , [10] . While, these ACF-based schemes generally have a trade-off between measurement range and resolution [6] . Large measurement range often results in a relatively low measurement resolution. For example, by using the complementary output responses of the two ports of an optical ring resonator (ORR) [7] , an ACF can be constructed. Using two ORRs with different Q values, resolutions of ±0.1 GHz and ±0.3 GHz are obtained in the range of 1-5 GHz and 0.5-35 GHz, respectively [7] . A higher measurement resolution can be obtained in a smaller measurement range owing to more distinct power changes with respect to frequency [8] .
Due to the trade-off between measurement range and resolution, IFM systems with variable frequency range and resolution were widely studied [4] , [8] - [11] . The system in [4] uses a MachZehnder modulator (MZM) and a dual-parallel MZM (DPMZM) to obtain two different power fading functions, respectively. An ACF can be built with these two power fading functions. The power fading function generated by the DPMZM can be changed by adjusting its bias voltage, so that the frequency measurement range of the system can be continuously changed. Resolutions of ±0.1 GHz and ±0.25 GHz were obtained with bandwidths of 3 GHz and 11 GHz in the experiment, respectively. These schemes with an adjusted measurement range require prior knowledge of the frequency band of unknown microwave signals. For signals with unknown frequency bands, it is difficult for these systems to perform measurements with low latency.
In this paper, we theoretically and experimentally demonstrate a novel IFM system based on a scalable structure. By using multiple ACFs generated from several scalable modules, large operating bandwidths and high measurement resolutions can be achieved simultaneously. A reference measurement value is given by a module with wide operating bandwidth but low resolution. The final high resolution measurement is performed by other modules which have smaller operating bandwidths but higher resolutions. In principle, the measurement range is only limited by the bandwidths of the modulators and the photodetectors employed.
Principle
The structure of the proposed system is shown in Fig. 1 . A continuous wave (CW) laser is split by a 3-dB coupler and injected into a phase modulator (PM) and an intensity modulator (IM). The unknown microwave signal is split by a power splitter to drive the PM and the IM, respectively. The phasemodulated signal and the intensity-modulated signal are sent to a scalable module (Module-1). The scalable module consists of devices in the dash dot line, including two circulators, two 3-dB couplers, two photodetectors (PDs), and a roll of single mode fiber (SMF). The scalable modules are numbered sequentially as Module-x. The devices in the module are numbered accordingly. For example, Module-1 consists of two circulators (Cir1A, Cir1B), two 3-dB couplers (Cou1A, Cou1B), a pair of PDs (PD1A, PD1B), and a SMF (SMF1). The phase-modulated optical signal from the PM passes through Cir1A, SMF1, Cir1B, and Cou1B, and is then sent to PD1B. The intensitymodulated optical signal from the IM passes through Cir1B, SMF1, Cir1A, and Cou1A, and is then sent to PD1A. Optical signals are converted to microwave signals in the PDs. To add a new scalable module (Module-2), one port of Cou1A is connected to the port 1 of Cir2A, and one port of Cou1B is connected to the port 1 of Cir2B. For optical signals, passing multiple modules is essentially equivalent to passing all of the SMFs in these modules.
The SMFs are used as dispersive elements. Dispersion results in power fading effect, which means that the power of the microwave signal generated by the PD varies with frequency. Both the phase-modulated optical signal and the intensity-modulated optical signal undergo dispersion and are then detected by two PDs, respectively. In each module, an ACF is obtained by the two corresponding power fading functions [10] . This establishes a mapping relationship between the frequency of the unknown microwave signal and the power of microwave signals generated by the PDs.
As shown in Fig. 1 , the output optical fields of the PM and the IM are given by:
where E i n exp(jω c t) is the input optical field. ω m is the angular frequency of the input radio-frequency (RF) signal. (1) and (2), we get
where J n (•) is the nth-order Bessel function of the first kind. After propagating the distance z in the dispersive medium, the electric field is expressed as [16] 
where
are the additional phase of different frequency components after passing through the dispersive medium. β n is the nth-order dispersion coefficient. After PD detection, using I out ∝ E • E * [17] , ignoring the high-order frequency components and DC components, the photocurrents of the phase-modulated signal and the intensity-modulated signal are respectively given by
Adjusting the DC bias voltage makes the IM operate at the orthogonal bias point (ϕ D C = π/4). Bringing (7) into (8) and (9) , the expressions of the photocurrents can be simplified as
where D is total fiber dispersion of SMF. λ 0 is the wavelength of optical carrier. f m is the frequency of the input RF signal. The RF power after the two PDs is proportional to
The difference between the two power fading functions is called ACF and is given by
A is determined by the RF power V m . It can be seen from (14b) that the ACF is not affected by the intensity of the input light field. Therefore, the ACF of Module-x γ x is expressed as: Fig. 2 . The simulated ACF of Module-1 has a large monotonic interval, which means a large measurement range and a relatively low resolution. The rough measurement result given by Module-1 can be used as a reference for subsequent modules. For subsequent modules (Modules-2, 3, 4), optical signals pass through longer SMFs before being detected by the PDs. Higher dispersion values make the power variation of the power fading function more distinct relative to frequency. Therefore, they have higher measurement resolutions than Module-1. However, the ACFs of subsequent modules (Modules-2, 3, 4) have smaller monotonic intervals. Within the bandwidth of the system, there are more than one monotonic intervals. Consequently, for subsequent modules (Modules-2, 3, 4), one power ratio value corresponds to multiple frequency values. The reference given by Module-1 is used to help select the correct measurement from many of the candidate results. Since the last module (Module-4) has the highest resolution, it seems that the final measurement should be given by Module-4. In most cases, it is the right choice to select the measured value of Module-4 as the final measurement. However, when the frequency of the unknown microwave signal is close to the notches or peaks of the ACF of Module-4, a large measurement error may occur. For subsequent modules, such an unreliable area is called a vague area.
As shown in Fig. 3(a) , it is assumed that three modules are applied. The two typical cases (the frequency of the unknown microwave signal is f1 or f2.) in Fig. 3(a) are taken as an example for illustration. f1 is away from the notches or peaks of the ACF curves. r1 is the reference value of f1 given by the ACF of Module-1. a1 and b1 are those closest to r1 among the multiple candidate results given by Module-2 and Module-3, respectively. In most cases, Module-3 has better resolution than Module-2. Therefore, it is stipulated that the measurement result of the Module-3 is always preferred. In this case, b1 is chosen as the final measurement value.
For the case of f2, f2 is very close to a notch of the ACF of Module-3. The two candidate results (b2.1 and b2.2) given by Module-3 are located on either side of the notch. Due to the low resolution of Module-1, the reference r2 is closer to b2.2. So b2.2 is chosen incorrectly as the final result. But the actual frequency f2 is closer to b2.1. This results in a large measurement error. Assuming that Module-1 has a resolution of ±C GHz, if the reference value given by Module-1 is the range of ±C GHz around the notches or peaks of Module-3, a misjudgment may occur. Such a notchcentered or peak-centered ±C GHz range is called a vague area. When the reference value given by Module-1 lies in a vague area of a module, the results given by the module are no longer reliable. Instead, the final measurement should be performed by its previous module.
Theoretically, choosing suitable SMFs allows for a larger working bandwidth. According to the simulated results in Fig. 3(b) , by setting the lengths of SMF1, SMF2 and SMF3 to 2.4 Km, 7.1 Km and 14.7 Km, the system can achieve both high resolution and effective operating bandwidth of 40 GHz.
The measurement steps of the system are as follows. First, all possible frequency measured values are found based on the output power of each module and its corresponding ACF function. Then, it is determined whether the reference value given by Module-1 is within the vague areas of the last module. If the answer is no, the one of the candidate values provided by the last module that is closest to the reference value will be the final result. If the answer is yes, the candidate values of the last module will be excluded. The one of the candidate values provided by the penultimate module that is closest to the reference value will be the final result. Obviously, if the reference value is also in the vague areas of the penultimate module, the result will be given by the third last module.
Experiments
An experiment was carried out based on the setup shown in Fig. 1 . A CW laser at a wavelength of 1550.12 nm was produced by a commercial laser device (Yenista Optics, TUNICS T100S-HP). In fact, only two modules were used in the experiment. In Module-2, the SMFs are cascaded to simulate the output of Module-3 and Module-4. Figs. 4(a) and 4(b) show the normalized measured (solid lines) and the simulated (dash lines) power fading functions of intensity-modulated signal and phase-modulated signal for each module, respectively. The equivalent transmission distances of Modules-1, 2, 3, 4 are 10 Km, 25 Km, 30 Km, 65 Km, respectively. Compared to the simulation results, the measured curves are slightly tilted downward due to the large link loss at high frequencies. The curves produced by the PM are attenuated more strongly than the curves produced by the IM due to the low bandwidth of the PM. The use of the 12-GHz PM in the experiments was primarily limited by laboratory conditions. But the degree of attenuation is acceptable. According to the principle of this method, the attenuation itself does not affect the measurement.
According to the measured power fading functions, the corresponding ACF of each module can be obtained, as shown in the Fig. 5 . As Fig. 5 shows, the simulation and experiment results of Module-1 matches well. But the measured ACFs of modules-2, 3, and 4 are lower than the simulation results. The reason is that, after Module-1, the intensity-modulated signal experiences larger loss than the phase-modulated signal. The loss may be caused by the old jumpers, couplers and circulators. As a result, the measured ACFs are degraded relative to the simulated ACFs.
Based on the obtained ACFs, a frequency measurement experiment was performed. Fig. 6 shows the frequency measurement results for each module. The output of Module-1 is also used as a reference for the measurement of other modules. It is worth noting that one notch point of the ACF of Module-2 is about 12.1 GHz. In the experiment, the resolution of Module-1 is found to be about ±0.2 GHz. So the vague area range is ±0.2 GHz. Therefore, 11.9-12.3 GHz is a vague area of Module-2. It can be seen that Module-2 has a large measurement error at 12 GHz. Module-4 has a peak point of about 10.9 GHz. Therefore, 10.7-11.1 GHz is a vague area of Module-4. Module-4 has a large measurement error at 11 GHz.
To solve the "vague area" problem, modules 1, 2, 3, and 1, 2, 3, 4 are used in combination, respectively. Fig. 7 shows the measurement results in both cases. It can be seen that as the number of modules used in combination increases, the measurement error of the IFM system is reduced. Compared with the case of using only Module-1 and Module-2, using three modules at the same time eliminates the measurement error caused by misjudgment. Using four modules simultaneously, resolutions of ±0.1 GHz and ±0.025 GHz are obtained over the 1-20 GHz and 7-20 GHz frequency measurement ranges, respectively. Fig. 7 shows that the resolution in the range of 5.5-20 GHz is improved by using four modules compared with using three modules. However, there is no improvement in the low frequency range. This is because in the low frequency region, the slope of the ACF curve of Module-4 is small and the error is large. To reduce error at low frequencies, longer fibers can be used to form notches or peaks in low frequency region. Although there are vague areas near the peaks and notches, there are also higher slopes and higher resolutions. The combined use of multiple ACF curves can take advantage of the high resolutions provided by the peaks and notches while avoiding the misjudgments caused by the vague areas.
During the experiment, the time taken for measurement was about half an hour. During the half hour, there was no obvious bias drift of the IM. For long-term measurement, the bias of the IM may shift due to the temperature fluctuation or the ripples of the DC bias. A bias controller, which is commercially mature, can be used to ensure the long-term stability.
Discussion
As shown in (14b), the value of the ACF is determined by not only the RF frequency f m but also the RF power V m . In this part, the effect of V m on measurement resolution will be discussed. In addition, at the end of this section, a solution will be given to address the system's sensitivity to unknown microwave signal power. The Taylor series expansions of the first type of Bessel function are expressed as [18] 
Bringing (16a) and (16b) into (14b) and ignoring higher order terms of third order and above, then (14b) can be written as
The power of the unknown microwave signal is P m = V 2 m /2R, where R = 50 is the matching impedance. Then (17) can be written as
where a and b are constants and expressed as
According to (18a), the relationship between the power change of the unknown microwave signal, P m and the change of A, A is expressed as
According to (14a), the relationship between the change of the ACF value, γ and A is expressed as
In addition, the relationship between γ and the measurement error f m is expressed as
Bringing (19) into (20), the relationship between f m and P m can be expressed as 
According to (23), A is approximately a constant under small signal modulation conditions. Therefore, the system has a large tolerance to the power fluctuations of the small unknown signal.
In order to solve the power-fluctuation-sensitive problem, the IM and the PM can be replaced with two DPMZMs. Fig. 8 is the structure diagram of a DPMZM. A DPMZM consists of three MZMs, which are MZM1, MZM2 and MZM3. The phase shift introduced by the DC bias voltages of MZM1, MZM2, and MZM3 are ϕ D C1 , ϕ DC2 , and ϕ D C3 , respectively. MZM1 is operated in a carrier-suppressed state, 
Based on the previous derivation, the microwave power after the PD is expressed as 
According to (26), the ACF is power-independent. The system is insensitive to the power of the unknown microwave signal. Due to the limitations of the experimental conditions, only the theory is given.
Conclusion
In this paper, an IFM scheme based on a scalable structure is proposed and verified by experiment. The proposed frequency-power-mapping-based IFM scheme is intended to measure single frequency signals. The scheme utilizes the ACFs of multiple scalable modules to ensure wide operating bandwidth and high-resolution measurements at the same time. The low resolution measurement value given by a module with a wide operating bandwidth is used as a reference for the frequency of the unknown microwave signal. The final measurement is performed by modules with high resolutions. The "vague area" problem in high resolution measurement is discussed, and measurement steps of the proposed IFM system is given. Finally, in the experiment, resolutions of ±0.1 GHz and ±0.025 GHz were obtained in the measurement range of 1-20 GHz and 7-20 GHz. According to the experimental results, it can be predicted that the resolution at low frequencies can be further improved by increasing the number of scalable modules.
